ABSTRACT An improved robust adaptive backstepping sliding mode control based on error compensation (RABSMCEC) method with a κ-class function is proposed for the single machine infinite bus (SMIB) system with the excitation control. First, we build a model for the excitation system. Since there are unknown parameters in the system model, an adaptive backstepping control method is introduced. In order to overcome the effect of internal and external disturbances, the robust sliding mode control method based on error compensation is added to the adaptive backstepping algorithm. On the basis of the above methods, we use κ-class functions to improve the convergence rate of the system. Then, we use the improved RABSMCEC method to design the robust controller and adaptive law. Finally, the simulation results show that the improved RABSMCEC method has better steady and transient performance.
I. INTRODUCTION
The excitation control of synchronous generator is one of the most economical and effective control methods to improve the stability of power system. Therefore, in the study of power system stability, generator excitation control has attracted much attention. A large number of studies have shown that generator excitation control [1] can not only improve the static stability limit of power system and suppress low-frequency oscillation of power system, but also bring remarkable results for the improved transient stability of power system [2] .
Strictly speaking, the power system [3] in operation is an uncertain system, which contains some unknown parts and random factors. So it would be affected by weak or strong external interference. In addition, the inaccuracy of the model and the errors of the parameters used in the design of the controller will also cause generalized disturbances to the system, which are difficult to be accurately described by differential equations [4] . Therefore, how to effectively deal with these external and internal disturbances in controller design is a topic worthy of study. For the suppression of The associate editor coordinating the review of this manuscript and approving it for publication was Md Shihanur Rahman.
external disturbances in the system, the recursive method is used for the first time in this paper to study the nonlinear excitation control systems [5] .
Adaptive backstepping method has also been widely used in power system stability control design and has been achieved rich achievements. Such as H ∞ adaptive backstepping in paper [6] , [7] ; adaptive backstepping sliding mode control in [8] - [10] ; fuzzy adaptive backstepping control in [11] , [12] ; feedback adaptive control in [13] , [14] and so on. An adaptive backstepping controller is proposed in [15] , [16] for hybrid excitation synchronous machine by considering uncertain parameters. A robust adaptive controller with rejecting external disturbances is proposed in [17] , [18] , where the controller is designed based on the modified adaptive backstepping method. Feedback linearizing excitation controllers are the mostly used nonlinear techniques [19] - [21] . They can resist system interference, but they need specific parameters which are difficult to measure. Therefore, the design of excitation controllers by considering the mechanical power input to the generators along with external disturbances is worthwhile.
Various excitation control methods based on linearized mathematical model are difficult to make the excitation device play a full role in the electromechanical VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ transient process. The fundamental reason is that the stability control in the electromechanical transient process of dry power system is a typical non-linear control problem. In order to truly reflect the operation of the system and give full play to the role of excitation control in the transient process, The excitation control mode must be based on the non-linear control model of power system, so as to make the control problem closer to the actual project. We know that the power system is often subject to various disturbances, such as three-phase short-circuit fault, sudden load change and many other external disturbances. In addition, the mathematical model of power system is different from the accurate model of power system in operation. The uncertainties in the model can be regarded as disturbances, and the problem of model uncertainty can be solved by robust adaptive controller. In order to improve the transient performance of the system, a sliding mode based on error compensation algorithm is introduced, and κ-class function is used to accelerate the convergence speed of the system. This is also the main contribution of the paper. First, the model of the excitation system was developed. Then we use the improved RABSMCEC method to get the controller and adaptive law. This improved method can restrain the internal and external interference of the system, and accelerate the convergence speed of the system. Finally, we can see the effectiveness of the improved method by the simulation results.
In this paper, section 2 introduces the model of SMIB system with excitation control and control objective. Section 3 presents the improved robust adaptive backstepping sliding mode control based on error compensation. We design robust controller and adaptive law by using the Lyapunov stability criterion. The simulation shown in section 4 proves the improved method is better, and section 5 is the conclusion.
II. MODEL OF SMIB SYSTEM WITH EXCITATION CONTROL AND CONTROL OBJECTIVE A. MODEL OF SMIB SYSTEM WITH EXCITATION CONTROL
The SMIB system with excitation control is considered, and the system structure is shown in the Fig.1 Without considering the saturation effect of the exciter, considering the static fast excitation mode and ignoring the exciter dynamics, it can be built. The mathematical model of excitation control FIGURE 1. Single-machine infinite bus system with excitation control.
system (1) is as follows:
Among them, T d0 and T d0 are the time constants of excitation winding when excitation winding and stator winding are closed respectively. V f is the excitation winding voltage, which is the control variable. ω = [ω 1 ω 2 ] T is the disturbance. Among them, ω 1 and ω 2 are torque disturbance on generator rotating shaft and electromagnetic interference of excitation winding respectively. δ is the generator rotor operating angle, ω is the speed of generator rotor, P m is the mechanical power output for prime mover, H is the moment of inertia of the generator rotor, D and E q are damping coefficients and transient potential of generator shaft respectively, V s is infinite bus voltage, Selecting the state variables
is the operating point of the system.
the system can be transformed as (2).
T is regulation output. Starting from the physical meaning of the stability requirement of power system, the output regulation z does not contain x 3 , q 1 and q 2 are non-negative weight coefficients, they satisfy q 1 + q 2 = 1 and express the weighted proportion between x 1 and x 2 . The specific value is determined by the designer. For the system (2), we select x * 2 and x * 3 as the virtual stabilization functions. Then, we can obtain the definition of error variables e i , i= 1, 2, 3, as shown by the following equations:
Then the system (2) can be written as the following equations:
In order to clarify the purpose of this paper, we give the statement of problem and control object in the following section.
B. STATEMENT OF PROBLEM AND CONTROL OBJECT
Aiming at the uncertainties of parameters, internal and external disturbances in the excitation system model (2), our control objective is to design the robust controller V f and the adaptive lawθ to resist system disturbances. By using the improved RABSMCEC method, we can ensure the state convergence of the error system (4) and steady-state performance of the system. Robust controller needs to satisfy the following two principles:
(i) The closed-loop system is stable when the disturbance ω = 0.
(ii) When the disturbance ω = 0, the design process can be transformed into finding the appropriate controller V f by constructing energy functions, which make the system dissipative for the supply rate S = z 2 − γ 2 ω 2 . It makes the following dissipative inequality holds for any time T > 0:
where γ is the interference suppression constant.
III. DESIGN OF IMPROVED ROBUST ADAPTIVE BACKSTEPPING SLIDING MODE CONTROLLER BASED ON ERROR COMPENSATION
Now we start to design the controller V f and the adaptive laẇ θ by using the improved RABSMCEC method. The following four steps are the process of designing the robust controller and adaptive law.
Step 1: Firstly, choose the virtual control of x 2 as x * 2 ,
where c 1 is a positive constant, ϕ 1 (.) is a class-κ function to be designed, and p 1 e 2 is an error compensation to eliminate system shake problem. Then, based on (3), (4), and (6), gettingė
Choose the first storage Lyapunov function
thus, the derivative of V 1 iṡ
Step 2: We define the second Lyapunov function V 2 as following:
We can getė 2 by (3),ė
We define an energy function H 1 ,
Moreover, by (3), e 3 = x 3 −x * 3 , choose virtual stabilisation function:
where c 2 is a positive constant, ϕ 2 (.) is a class-κ function to be designed, select ϕ 2 (.) = ε 2 e 2 2 , thus,
Step 3: For the whole system (2), select the third Lyapunov function V 3 as following:
where s = d 1 e 1 + d 2 e 2 + e 3 , then e 3 = s − d 1 e 1 − d 2 e 2 , and θ =θ +θ ,θ is the estimate of θ ,θ is the estimated error, moreover, we can getė 3
Then we can get the other energy function H 2
Step 4: We can get the robust controller V f and the adaptive lawθ by the energy function H 2 (18) .
among them
Then the adaptive law iṡ
When external interference ω 1 , ω 2 = 0, the new error system iṡ
In order to illustrate the rationality of the improved RAB-SMCEC controller designed in this paper, we will discuss the following theorem.
Theorem 1: For the system (2), under the effect of robust controller V f (13) and adaptive lawθ (14) , the error system (15) is asymptotically stable and satisfies robust performance (5) .
Proof: We choose the appropriate parameters b, c i , d i , p i (i = 1, 2) to satisfy the following relations:
where β > 0 is a constant parameter, then we get
Let V (x) = 2V 3 (x), then we havė
When x(0) = 0, we have V (x(0)) = 2V 3 (x(0)) = 0. By (16), we know V (t) ≤ V (0). Namely, e 1 , e 2 , s, x 1 , x 2 are bounded. Then we define = −V , t 0 (τ )dτ = V (0) − V (t). Because V(0) is bounded, V(t) is not decreasing and bounded, we know that lim t→∞ t 0 (τ )dτ < ∞. And˙ is bounded, thus, lim t→∞ = 0 is proved by Barbalat lemma. When t → ∞, there are e 1 → 0, e 2 → 0, s → 0, x 1 → 0, x 2 → 0. Based on the definitions of x 1 , x 2 , x 3 and x * 2 , x * 3 , we know that e 3 → 0, x 3 is also bounded. Remark 1: When the parameters ε 1 , ε 2 = 0 in (13), (14) , (15) , the improved RABSMCEC method becomes the traditional robust adaptive backstepping sliding mode method based on error compensation; furthermore, when p 1 , p 2 = 0, d 1 , d 2 = 0, s = 0, the traditional robust adaptive backstepping sliding mode method based on error compensation becomes the traditional robust adaptive backstepping (RAB) method.
Remark 2: In the process of calculating the energy function H 2 , the interference terms ω 1 and ω 2 need to be extracted from the derivative terms of the latter s and written in the form of square terms, which increases the difficulty of calculation.
Remark 3: If δ = kπ, k = 0, 1, 2, 3..., then sin(x 1 + δ 0 ) = 0, the power system will lost stability and there is no longer normal operation. Fortunately, in support of the normal conditions in the system 0 < δ < π, sin(x 1 + δ 0 ) = 0 can be guaranteed.
IV. SIMULATION
According to the design results of section 3, the transient stability simulation experiment of generator excitation system (2) with single machine infinite is carried out. The specific values of each parameter variable mentioned in section 2 are as follows: (t) . Select stable operation point δ 0 = 57.3 • , ω 0 = 314(rad/s), E q0 = 1(pu).
A. TRANSIENT PERFORMANCE ANALYSIS
In order to illustrate the superiority of the improved method, the performance of the improved RABSMCEC method is compared with that of an existing robust adaptive backstepping (RAB) method in [8] .
In the Fig.2 , which describes transient response curves of the power angle. We can see that δ tends to stabilize the working point 57.3, that is, the error e 1 approaches 0, which shows the effectiveness of the improved RABSMCEC method. By contrast with RAB method in [8] , the improved RABSMCEC method has faster convergence speed and smaller chattering. Fig.3 shows the transient response curves of the speed. We can see that the speed ω in both two methods finally approaches the stable operation point 314, that is, the error e 2 approaches zero, which shows the effectiveness of the two methods. Moreover, the improved RABSMCEC method has smaller overshoot, better anti chattering effect and faster convergence speed. We can find that E q tends to be stable in the presence of disturbances. Compared with the RAB method in [8] , the improved RABSMCEC method has smaller oscillation. The parameter estimated of θ in Fig. 5 is finally stable. 6 shows the system output voltage under external disturbance ω 1 = e −t sin(t), ω 2 = e −t sin(t). The simulation results show that the system output is asymptotically stable under external disturbances. It is obvious that the output voltage of the improved RABSMCEC method is smoother.
B. ROBUST PERFORMANCE ANALYSIS
In order to verify the robustness of the improved RABSM-CEC method to parameter uncertainties, different damping VOLUME 7, 2019 coefficients are selected at the working point and simulated. Finally, we compare the robustness of RAB method by simulation, and find that both methods have good robustness. Fig. 7 shows the transient response of the angle with the different damping uncertainty using RABSMCEC method. As can be seen from Fig. 7 , the transient response of the system is almost the same for different damping coefficients, which proves the robustness of the improved RABSMCEC method to parameter uncertainties. The transient response of the speed with the different damping uncertainty in Fig. 8 is almost identical, which shows the robustness of the improved RABSMCEC method to parameter uncertainties. . 11 shows the transient response of the angle with the different damping uncertainty using RAB method. From  Fig. 11 , we can see that RAB method is also robust to the power angle of the systems. Fig. 12 shows the transient response of the speed with the different damping uncertainty using RAB method. The transient response of the speed with the different damping uncertainty using RAB method in Fig. 13 is almost identical. Fig. 14 shows the parameter FIGURE 10 . The parameter estimation curves with the different damping uncertainty using RABSMCEC method. estimation variables with the different damping uncertainty using RAB method. We can see that the parameters of the system remain unchanged when the system damping changes, which shows that the RAB method has the same robustness. Fig. 15 is the transient output voltages of the system under different parameters D using RABSMCEC method. The sim- ulation results show that the system output is asymptotically stable under internal disturbances. Fig. 16 is the transient output voltages of the system under different parameters D using RAB method. Compared with Fig. 15 and Fig. 16 , it can be seen that the system output voltage is more stable under RABSMCEC algorithm. 
C. PERFORMANCE ANALYSIS UNDER PARAMETRIC UNCERTAINTY
In the case of disturbance or fault, the output response curve of the system is also referred to when the H parameter changes, which results in the fault. We compare the control effect of RABSMCEC algorithm and RAB algorithm in this case, and give the simulation verification. Fig. 17 shows the transient response of the angle with the different parameter H using RABSMCEC method. We can see that the system can still follow the stability in the case of parameter H changes. It shows that the system has a certain ability to resist internal disturbance. . 18 shows the transient response of the speed with the different parameter H using RABSMCEC method. We can see that the speed is gradually stable under the condition of parameter H change, which shows the system's ability to resist internal interference.
The potential of generator shaft with the different parameter H using RABSMCEC method in Fig. 19 is almost identical. It shows that the internal disturbance has no effect on the stability of the system. effective in resisting internal disturbances. Fig. 21 shows the transient response of the speed with the different parameter H using RAB method. And Fig. 22 shows the potential of generator shaft with the different parameter H using RAB method. Compared with Fig. 17, Fig. 18 and Fig. 19 , it can be seen that the steady-state performance of the systems under RAB algorithm is poor. The comparison shows that the RABSMCEC method is more effective in resisting the disturbance caused by the change of internal parameters. Fig. 23 is the transient output voltages of the system under different parameters H using RABSMCEC method. And Fig. 24 is the transient output voltages of the system under different parameters H using RAB method. Compared with Fig. 23 and Fig. 24 , it can be seen that the output voltage reaches a stable state under the two methods. 
V. CONCLUSIONS
In this paper, κ-class functions and error compensation terms are introduced in the design of virtual controller. The improved RABSMCEC method is used to design the controller and adaptive law. The controller we designed considers the uncertainties of damping coefficients and external disturbances. This improved method can accelerate the convergence speed of the system in the case of disturbance and improve the chattering problem caused by the sliding mode control. Simulation results demonstrate the effectiveness of the improved method. However, this paper has not considered the problem of multi-machine systems control, and the interconnection between multi-machine systems needs further study in future work. 
